ABSTRACT: Increased awareness of climate change and invasive species has resulted in a surge of studies on how climate change impacts the invasibility of communities. A common method of study is comparing temperature ranges of native or naturalized species to those of highly invasive species. Two fouling community animals that have been so compared are the ascidians Botryllus schlosseri and Botrylloides violaceus. However, temperature range comparisons of different life history traits yield conflicting results. We examined the 2 species to identify a characteristic that could explain these discrepancies and found a single outstanding feature: the brooding period in B. violaceus is at least 5 times that of B. schlosseri. To determine if this elongated brooding period accounted for the observed discrepancies in temperature range, the relationship between recruitment and temperature was reanalyzed using estimated fertilization times for 2001-2006 recruitment at the Groton Long Point Marina and the University of Connecticut, Avery Point, and 2006 recruitment at the University of Maine Darling Marine Center. Estimated fertilization occurred at the same water temperatures for B. violaceus and B. schlosseri colonies. The observed delay in initial recruitment of B. violaceus resulted from the elongated brooding period, not a delay in fertilization due to water temperature. Analyzing recruitment data without incorporating brooding period may not be representative of reproductive environmental requirements and ranges for animals with brooding periods, and may result in uninformative conclusions when comparing species whose brooding periods differ significantly.
INTRODUCTION
Two of the most dramatic and anthropogenically influenced forces acting on ecological communities today are increasing prevalence of non-native species and climate change. As both can alter species interactions in all environments, there is currently a great deal of interest in the existence of synergistic effects between non-native species establishment and climate change, particularly in temperate regions of the world (Simberloff 2000 , Mooney & Cleland 2001 , Stachowicz et al. 2002 , Harley et al. 2006 .
The most common method used to examine the interactions between climate change and native and non-native species is to compare their relative fitness under expected climate change conditions. Initially used to examine terrestrial plant communities (Dukes & Mooney 1999) , this method has been applied to marine systems, most notably coastal sessile benthic communities in New England (Stachowicz et al. 2002) . Results from both terrestrial and marine studies suggest that elevated temperatures result in increased fitness of non-native compared to native species (Dukes & Mooney 1999 , Stachowicz et al. 2002 . As space and access to nutrients are limiting in both terrestrial plant and sessile benthic communities, using similar methods to examine the impacts of climate change and nonnative species on these 2 systems seems reasonable.
However, while many of the species chosen to examine this relationship in terrestrial systems are known to have similar life histories, the complete life histories of species in sessile benthic communities are not as well understood (Eckman 1996) . This is potentially a problem as species in these communities may be viviparous brooders or broadcast spawners, species with many juvenile stages or direct development (Dijkstra et al. 2007b) . The diversity of life histories adds to the complexity of conclusively assessing how climate change may impact the fitness of both native and non-native species. For this reason, one should proceed with caution when comparing fitness responses to environmental conditions in sessile benthic species with relatively unknown life histories.
For example, closer examination of the life history characteristics of 2 species of colonial ascidians investigated by Stachowicz et al. (2002) , Botryllus schlosseri (a naturalized species) and Botrylloides violaceus (a non-native species), offers an explanation of their results other than a difference in reproductive temperature tolerances. Stachowicz et al. (2002) found that Julian date of initial recruitment was negatively correlated with winter water temperature for B. violaceus but not B. schlosseri. These results imply that B. violaceus tolerates higher water temperatures than B. schlosseri, and will therefore have a competitive advantage over B. schlosseri as water temperatures continue to increase due to climate change (Stachowicz et al. 2002) . However, temperature-induced reaction norms of growth, time required to undergo asexual reproduction and production of viable offspring in these 2 species are comparable in both native and nonnative habitats (Brunetti et al. 1980 , 1984 , Saito et al. 1981 , Boyd et al. 1986 , McCarthy et al. 2007 ). Also, both species have comparable latitudinal distributions in North America and in their native waters (Millar 1971 , Saito et al. 1981 , Dijkstra et al. 2007a . Stachowicz et al. (2002) did show that B. violaceus grew faster than B. schlosseri at warmer temperatures in a 1-wk study, while McCarthy et al. (2007) showed no difference in growth rates during a similarly timed study.
The comparable temperature ranges of Botrylloides violaceus and Botryllus schlosseri suggest that they are both temperate species, while the correlation of date of initial recruitment with temperature for B. violaceus in Connecticut (Stachowicz et al. 2002) suggests B. violaceus is nearer the edge of its temperature range than B. schlosseri. Since recruitment is the only documented temperature-dependent life history trait that differs between these 2 species, and since the 2 species have been used as an example of how climate change may be facilitating the success of invasive species in benthic marine communities (Stachowicz et al. 2002) , the temperature-driven difference in recruitment deserves greater examination. It is possible that B. schlosseri reproduces at cooler temperatures than the invasive species B. violaceus, while all other life history traits in the 2 species exhibit similar temperature-induced reaction norms. However, subtle differences in the life histories of the 2 species may result in an incomplete story when comparing the influence of temperature on recruitment.
Botryllus schlosseri and Botrylloides violaceus, like all colonial ascidians, have internal fertilization and release competent larvae into the water column after a brooding period (Berrill 1950 , Millar 1971 . Larvae remain in the water column for < 24 h before settling on hard substrate, metamorphosing and growing into adult colonies (Millar 1971) . While recruitment studies of sessile invertebrates document the timing of settlement, they do not incorporate the duration of the brooding period into calculations of temperaturerelated effects on reproductive processes (StanwellSmith & Barnes 1997 , Whitlatch & Osman 1998 , Stachowicz et al. 2002 , Watson & Barnes 2004 , Agius 2007 , Tyrrell & Byers 2007 . As different species of colonial ascidians are known to have brooding periods of varying lengths (Van Name 1945 , Saito & Okuyama 2003 , we hypothesize that the differing recruitment temperature ranges of B. schlosseri and B. violaceus may be an artifact of different brooding periods between species with similar reproductive temperature ranges, and not the result of different reproductive temperature ranges. We tested this hypothesis by using a model that incorporates brooding period and recruitment temperature data to determine water temperatures at estimated dates of initial fertilization for both species of ascidians.
MATERIALS AND METHODS
Study organisms. Botryllus schlosseri and Botrylloides violaceus are colonial ascidians belonging to the subfamily Botryllidae (Phylum Chordata, Subphylum Tunicata, Class Ascidiacea, Order Stolidobranchia, Family Styelidae). B. schlosseri has been a member of the Gulf of Maine subtidal community since the mid1800s and was the historically dominant colonial tunicate in the Gulf of Maine until the late 1980s (Gould 1870 , Harris & Tyrrell 2001 . B. violaceus arrived in the Gulf of Maine in the early 1980s and has since become a dominant member of the benthic community (Berman et al. 1992) .
Botryllus schlosseri and Botrylloides violaceus undergo regular cycles of complete zooid replacement (blastogenic cycle). The duration of the blastogenic cycle is correlated with temperature, and has been well documented for many botryllid ascidians, includ-ing B. schlosseri, Botrylloides simodensis and Botrylloides leachi, but not for B. violaceus (Yamaguchi 1975 , Brunetti et al. 1980 , Grosberg 1988 . The brooding period of the oocytes within a colony lasts for the duration of different numbers of blastogenic cycles, with the number of blastogenic cycles being species-specific. Oocytes are fertilized at the beginning of a blastogenic cycle and larvae released at the end of the same cycle for B. schlosseri (Yund et al. 1997 , StewartSavage et al. 2001 , while larvae are released at the end of either the 6th or 7th blastogenic cycle after fertilization for B. violaceus (Saito et al. 1981) .
Botrylloides violaceus blastogenic cycle duration. In order to determine whether the duration of the Botrylloides violaceus blastogenic cycle was correlated with temperature in a similar fashion as that of Botryllus schlosseri, non-reproductive colonies of B. violaceus (1 to 60 zooids) were collected from the Darling Marine Center (DMC), Maine, in July 2006, brought into the laboratory and allowed to adhere to glass slides. B. schlosseri colonies were also collected to insure that the relationship of duration of blastogenic cycle and temperature for ascidians at DMC did not differ from that previously reported for ascidians collected from more southern sites. After settlement, colonies were hung vertically in a tank with low flow until they attached to the microscope slide (see Phillippi et al. 2004 for details) and then placed in one of 4 temperature treatments. In order to rule out a container effect, there were 3 tanks per temperature treatment, and colonies were maintained in either 18.9 l tanks or 15.14 l plastic tubs containing 9.5 to 10.5 l of 32 psu seawater. A minimum of 3 colonies of each species were initially placed in each tank. Due to survival rates during the 2-wk acclimatization period, the number of colonies in each treatment varied from 5 for both B. schlosseri and B. violaceus at 15°C to 12 for B. violaceus at 10°C. Water was changed weekly. Animals were fed Coralife ® Invertebrate Smogasbord™ daily (5 drops a day for the first 5 colonies, and an extra drop for every colony containing > 50 zooids) and were in constant light. Colonies were placed in 4 different temperature controlled rooms (5, 10, 15 and 20°C). After a 2-wk acclimatization period, colonies were monitored daily and the duration of 1 blastogenic cycle for each colony at each temperature was recorded. Mean duration of blastogenic cycle was compared between species for each temperature and between containers for each treatment using a Student's t-test.
Field sites. Ascidian recruitment data were collected from 3 different sites over 6 yr: DMC and Avery Point (AP) in Maine, and Groton Long Point (GLP) in Connecticut (Stachowicz et al. 2002) . Panels at all 3 sites were hung from floating docks with the panels positioned face-down ~1 m below the water surface. AP and GLP are located in areas of a moderate amount of residential development, while DMC is located in an area with little residential development. Recruitment data. Recruitment data at DMC were collected by deploying six 100 cm 2 Plexiglas ® recruitment panels beginning in Ascidian recruitment was defined as those juveniles that settled during the 1-or 2-wk panel deployment periods. Initial recruitment was defined as the date of the first recruit observed on the collected panel for the year. If the date of the first recruit observed on the collection panel was the same as the date of first observation of the panel, the data point for that panel was excluded. HOBO™ temperature loggers recording water temperature every 2 h were deployed at the depth of the panels at all sites for the duration of the recruitment studies and were used to obtain water temperatures of date of initial recruitment.
Initial fertilization temperature model. The date of initial recruitment (I) was defined as a function of time of fertilization (F) and duration of brooding period (B):
The duration of brooding period for B. schlosseri and B. violaceus was defined as a function of the number (b) and length of blastogenic cycles (l):
The length of blastogenic cycle is dependent on ambient average seawater temperature (T) and, therefore, changes throughout the year (l = 185.99/T -2.1876 for B. schlosseri, equation based on data from Grosberg 1982) . While the number of blastogenic cycles is variable between species, it is constant within species, so the only factor responsible for within-species brooding period variation is the length of the blastogenic cycle at the average seawater temperature. Therefore, the date of initial recruitment is a function of initial time of fertilization, seawater temperature and number of blastogenic cycles required for the development of an embryo:
By rearranging Eq. (3), the date of initial fertilization can be calculated using F = I -bl. However, since the length of blastogenic cycle varies with seawater temperature and temperature changes seasonally at the study sites, a more accurate calculation of time of fertilization can be obtained by summing the series of the length of the blastogenic cycle at the average seawater temperature, which yields:
where n is length of total brooding period.
The method for estimating time of initial fertilization is highly dependent on the length of blastogenic cycle. Since the relationship between blastogenic cycle length and temperature is well established for Botryllus schlosseri (Brunetti et al. 1980 , Grosberg 1982 , Mukai et al. 1987 , Saito & Okuyama 2003 and we found no significant difference between duration of blastogenic cycle in B. schlosseri and Botrylloides violaceus at the temperatures tested (Student's t-test, 5°C: df = 4.6, p = 0.80; 10°C: df = 11.7, p = 0.50; 15°C: df = 3.6, p = 0.12; 20°C: df = 7.7, p = 0.65; no container effect), the equation used to compute duration of blastogenic cycle from sea surface temperature in the model was the same for both species: l = 185.99/T -2.1876. This equation can be substituted for the length of blastogenic cycle (l), making initial fertilization a function of initial recruitment and temperature (T):
Once the date of initial fertilization was calculated, the water temperature was obtained by averaging the 84-measurement temperature record for the 7 d prior to (and including) the estimated date of initial fertilization. Estimated temperature of initial fertilization and temperature of initial recruitment were compared between species using the pooled data from the first appearance of a recruit on a panel at each site each year by a 1-way ANOVA. Estimated temperatures of initial fertilization and initial appearance on panel were then compared between species by site and by year using the initial appearance on panel data for all panels at all sites via 1-way ANOVAs. Only years and sites with initial recruitment data and temperature data for both recruitment and fertilization were used. This resulted in the exclusion of AP recruitment data from 2001 to 2005, and of GLP recruitment data from 2005. All statistical analyses were conducted using JMP ® version 7.
RESULTS

Botryllus schlosseri initial recruitment occurred at cooler water temperatures than Botrylloides violaceus
at all sites and years (Table 1) . Recruitment ended at the same time for both species across sites and years, and duration of blastogenic cycle did not differ between species at the temperatures tested (results presented in text describing Eq. 5). When data were pooled, B. schlosseri initial recruitment occurred at water temperatures 4 degrees cooler on average than that of B. violaceus (11.7 vs. 15.6°C; p = 0.0053, df = 14). However, estimated initial fertilization temperature was the same for both species (10°C) with no variation between sites (p = 0.76, df = 14). Results did not change with the removal of DMC data; suggesting the 2-fold difference in temporal resolution of recruitment data collection between DMC and the 2 other sites (AP and GLP) did not influence our results. Estimated initial fertilization temperature for both species remained at 10°C (p = 0.627, df = 13), while initial recruitment temperatures for the 2 species remained significantly different from each other (11.7°C compared to 15.6°C) (p = 0.0098, df = 12).
When data from each panel at each site were included and comparisons of occurrence on panel and estimated fertilization temperatures were separated by site and year, there were 2 instances in which results differed from that of the pooled data. Botrylloides violaceus initial fertilization occurred at a cooler temperature than that of Botryllus schlosseri in 2004 (p = 0.0467), and B. schlosseri initial fertilization occurred at a cooler temperature than that of B. violaceus in 2002 (p = 0.0012) ( Table 1) . Although initial fertilization of B. schlosseri was at a cooler temperature than that of B. violaceus, it occurred later in the year (Fig. 1) . Water temperatures dropped at the end of April between the time of B. violaceus fertilization and that of B. schlosseri.
The similar estimated fertilization temperatures calculated using the observed recruitment data and the fertilization time model demonstrate that the observed delay in Botrylloides violaceus recruitment relative to Botryllus schlosseri recruitment can be explained solely by the difference in duration of brooding period for these 2 species. 
DISCUSSION
Many benthic community studies describe correlations between species recruitment rates and environmental factors such as water temperature and phytoplankton blooms (Robles 1997 , Stanwell-Smith & Barnes 1997 , Whitlatch & Osman 1998 , Miller et al. 2000 , Watson & Barnes 2004 . While these studies provide useful information, they often fail to take into account between-species variability in brooding periods, and may therefore miss important interactions between environmental factors and developmental processes (Roughgarden et al. 1988 , Eckman 1996 . The failure to incorporate brooding period can be particularly detrimental when trying to draw conclusions about environmental effects on reproduction based on recruitment data for 2 species with very different brooding periods. This is likely the cause of the discrepancy in classification of Botrylloides violaceus temperature ranges relative to those of Botryllus schlosseri. The variation in the correlations between temperature and recruitment found in both the present study (Table 1) and Stachowicz et al. (2002) can be better explained by the variation in the number of blastogenic cycles (5 versus 1, Saito et al. 1981 , Yund et al. 1997 ) required for producing a competent larva in the 2 species than by the 2 species having differing temperature-induced reaction norms.
While the linear equation describing the relationship between duration of blastogenic cycle and temperature in the model was the same for the 2 species compared in the present study, this relationship is likely to be species-and possibly population-specific, and should be empirically determined prior to model use. If found to differ for other brooding ascidians or other populations of Botryllus schlosseri and Botrylloides violaceus, the linear equation describing the relationship between blastogenic cycle duration and temperature can be replaced and the initial fertilization temperature calculated with a species-specific temperature/blastogenic cycle linear equation.
When brooding period is incorporated into the explanation of recruitment temperature range, Botryllus schlosseri can no longer be considered a more reproductively cold-tolerant species than Botrylloides violaceus (Table 1) . This result corroborates the laboratory and field reproductive temperature range of B. violaceus in Japan (Saito et al. 1981 ) and those of B. schlosseri in Italy and the United States (Brunetti et al. 1984 , Chadwick-Furman & Weissman 1995 (Grosberg 1988) and to produce larger larvae more likely to survive post-settlement (Pechenik 1999; 3.0 mm, Mukai et al. 1987 , vs. 1.5 mm, Grave & Woodbridge 1924 ) than by any difference in species temperature ranges. While embryonic brooding period data are not be available for all brooding species, it should be incorporated into the analysis of recruitment data when possible, as it may represent a significant portion of both the parent and the offspring's lifespan and can be highly variable between species. For example, a Botrylloides violaceus colony may spend over half its lifespan brooding one set of embryos, while a Botryllus schlosseri colony may spend less than a quarter of its lifespan brooding a set of embryos. Also, B. violaceus colonies are truly viviparous, with blood from multiple asexual generations within the colony entering the egg during the long brooding period, while B. schlosseri are oviviparous (Mukai et al. 1987 ). This may result in high interspecies variation in reproductive sensitivity to changes in environmental conditions, as energy input and period of developmental vulnerability shift with duration of brooding period.
The vast difference in the time and energy required to produce a larva capable of settling on a recruitment plate for these 2 species highlights one of the flaws in using recruitment as the sole measurement of environmental impact on reproduction. While recruitment data are useful for addressing a variety of questions (including but not limited to determining seasonal abundance patterns, quantities of juveniles entering a community and health of a population) and for allowing one to make comparisons between species with different life histories, environmental factors such as temperature are often not acting on recruitment per se, but on the reproductive and developmental processes such as fertilization, brooding period, larval release and metamorphosis that result in the observed recruitment. The importance of this distinction has been acknowledged and incorporated into studies examining animals with long-term planktonic larvae, such as lobsters (MacKenzie 1988 , Lee et al. 1992 , Tong et al. 2000 , but has not yet been incorporated into studies of animals with short-term planktonic larvae and potentially long-term brooding periods, such as ascidians. Ascidians are increasingly becoming dominant members of sessile benthic communities and are prominent invasive species on a global scale. Given ascidian reproductive life history variation, the inclusion of reproductive life history characteristics other than recruitment into our models of benthic community response to climate change seems paramount. Further research examining how environmental change influences brooding periods as well as pelagic larval forms will allow for new analyses of previously obtained recruitment data, resulting in an enhanced understanding of the dynamics of the sessile benthic community. 
